Electron cooling in a magnetically expanding plasma, which is a fundamental process for plasma flow and detachment in magnetic nozzles, is experimentally investigated using a radio frequency plasma source and magnetic nozzle (MN). Probe measurements of the plasma density, potential, and electron temperature along the center line of the MN indicate that the expansion follows a polytropic law with exponent γ e ¼ 1.15 AE 0.03. This value contradicts isothermal electron expansion, γ e ¼ 1, which is commonly assumed in MN models. The axial variation of the measured quantities can be described by a simple quasi-1D fluid model with classical electron thermal conduction, for which it has been previously shown that a value of γ e ≈ 1.19 is expected in the weakly collisional limit. A new criterion, derived from the model, ensures efficient ion acceleration when a critical value for the ratio of convected to conducted power is exceeded. DOI: 10.1103/PhysRevLett.117.225003 The thermodynamics of an expanding magnetized plasma play an important role in momentum and energy transfer in the solar wind [1], astrophysical jets [2] , and electric propulsion plasmas [3] . Electron cooling is especially important in electric propulsion concepts that rely on plasma acceleration through a magnetic nozzle (MN) [4] because momentum is primarily imparted to the thruster from the thermally expanding plasma propellant [5] . The commonly used assumption of isothermal expansion, often justified by referencing the large field-aligned electron thermal conductivity, leads to an exhaust jet with an unbounded kinetic power [6] . In spite of this physical inconsistency, isothermal models are useful for studying the macroscopic dynamics [7] of the expanding plasma and the influence of the plasma and magnetic field topologies [8] . The relevant physical processes in the downstream region, however, are strongly influenced by the electron temperature. Therefore, MN performance and plasma detachment models require improved understanding of electron cooling in magnetically expanding plasmas. In this Letter, we report our experimental measurements of the axial variation of the plasma parameters along the center line of a MN, demonstrate that the expansion follows a polytropic law, and compare the measured quantities to predictions from a quasi-1D analytical model that includes electron heat conduction along the magnetic field.
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The plasma source (PS) [9] consists of a 7.5 cm inner diameter, 30.5-cm-long tube of borosilicate glass mounted concentrically inside two electromagnetic coils, each with a mean radius r c ¼ 7.51 cm. Argon gas is injected through the center of a Macor back plate located 18.5 cm upstream from the magnets. A two-turn spiral antenna positioned near the back plate is used to excite the plasma using 13.56 MHz rf radiation. The power delivered to the antenna was fixed at 500 W. The MN is formed by passing dc current through the electromagnets. The strength of the peak magnetic field, B 0 , is controlled with the applied current, I B , such that B 0 ½G ≈ 21I B ½A. Typical parameters within the PS are n ∼ 10 18 m −3 and T e ∼ 7 eV, which are consistent with rf plasmas operating in the low-field helicon mode [10] . The PS is mounted inside a 2.4 m diameter × 7.6 m length fiberglass vacuum chamber (Fig. 1) . The argon mass flow rate was held at 0.5 mg=s resulting in a chamber pressure of ∼20 μTorr.
We characterized the expanding plasma using three diagnostics. A swept rf-compensated Langmuir probe (LP) [11] measured the plasma density n and electron temperature T e . The probe's cylindrical tungsten electrode measured 0.25 mm in diameter and 3.0 mm in length, and was aligned with the flow direction to prevent distortion of the I-V curve [12] . The plasma potential, V p , was measured using a heated emissive probe (EP) and the floating point method [13] . The EP filament was constructed of 0.125 mm diameter tungsten wire oriented perpendicular to the magnetic field [14] . Errors due to the formation of a double sheath were corrected for using [15] , where V em f is the floating potential of the emitting probe. We measured the ion energy distribution function (IEDF), f i ðVÞ, using a four-grid retarding potential analyzer (RPA) [16] . The ion beam voltage is calculated as
, where e is the electron charge and m i the ion mass. Data were acquired on time scales many orders of magnitude longer than the relevant plasma dynamic time scales and therefore only captures the time-averaged, steady-state behavior of the plasma.
Measurements were taken on the MN center line along which the magnetic field is purely axial [ Fig. 2(a) ]. Perturbations due to the size of the RPA restricted its use to z ≥ 25 cm. Seven magnetic field strengths were investigated for I B ∈ ½5; 20 A. The dependence of magnetic field strength on axial distance can be found in Ref. [9] .
In Fig. 2 we show the axial variation of the measured plasma parameters. Normalized quantities are shown such thatn ≡ n=n 0 ,T e ≡ T e =T e;0 ,û ≡ u= ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi T e;0 =m i p , and ϕ ≡ V p =T e;0 , where the "0" subscript denotes values at z ¼ 0. The distance from the throat is normalized by the magnet radius, r c . It is evident that T e decreases as the plasma expands through the diverging magnetic field. A supersonic ion beam forms downstream with an energy equal to the sum of the initial ion energy at the throat and the energy acquired through the ambipolar potential drop. This potential drop, formed to maintain quasineutrality in the exhaust, was observed to be the main source of ion acceleration in MN plasmas in which T e ≫ T i [17] . The large uncertainty in u around z=r c ¼ 4 is due to an anomalous broadening of f i ðVÞ that appeared for some conditions [18] . The emissive probe measured plasma potential fluctuations of δV p =V p ∼ 0.2 near the throat and δV p =V p ∼ 0.1 in the plume-justifying the need for rf compensation of the LP.
In contrast to previous experiments on magnetically expanding plasmas, we did not detect slow ion and nonMaxwellian electron populations downstream. Slow ions, whose IEDF exhibits a peak near V p , are created by ionization and charge-exchange of the background neutral gas [15, 19, 20] . For n ∼ 10 18 m −3 and T e ∼ 7 eV the neutral mean free path for ionization is on the order of 10 cm near the MN throat [21] . Ionization of the background gas is negligible because the mean free path rapidly increases. Similarly, the ion mean free path for ion-neutral collisions is around 3 meters for a 20 μTorr background pressure [21] . The absence of a slow ion population in our experiment is consistent with the large collisional mean free paths relative to the expansion length scale. Analyzing our LP data using Drusteyev's method [22] we did not find evidence of high-energy electrons [23] . We note that although our LP followed established designs [11] , it was not specifically engineered for high-resolution EEDF measurements [24] , limiting our dynamic range to 2 orders of magnitude. It is possible that the high-energy tail occurs when electrons formed downstream via ionization or secondary electron emission from chamber walls acquire energy from the ambipolar electric field as they accelerate towards the PS. The absence of a measurable high-energy electron tail in our experiment may be due to the fact that both the distance to the chamber wall and neutral mean free path for ionization are much greater than the expansion length scale.
The polytropic state equation relates the pressure p and density n through the equation p=n γ ¼ CðψÞ. Here, γ is the polytropic index and C is constant along a characteristic surface ψ (e.g., a magnetic flux surface). For electrons, we calculate γ e using linear regression of the log 10 T e vs log 10 n and V p vs T e data sets [25] , as shown in Figs. 3(a) and 3(b) . The expansion follows a polytropic law as evidenced by the linear relationship between these data sets. Furthermore, the calculated γ e agrees between the two independent methods to within experimental uncertainty. This agreement indicates that the EP and LP measurements are selfconsistent-further implying Maxwellian electrons. These measurements also indicate for the first time that γ e is largely unaffected by the applied magnetic field strength [ Fig. 3(c) ]. We calculate the weighted mean among all measurements to be γ e ¼ 1.15 AE 0.03; a value that falls within isothermal and adiabatic expansion. It is interesting to note that similar values have been previously observed in the region of expanding solar wind [1] and the exhaust plume of Hall thruster plasmas [25, 26] . These results contradict those of a similar study on a 30 kW MN plasma [27] . In the 30 kW study the authors infer γ e ≈ 1.7 from a T e vs V p data set and γ e ≈ 3 from a n vs V p data set. Data were analyzed for 50 mg=s of argon flow, which resulted in a background pressure (100 μTorr) significantly larger than our experiments. In addition, the plasma source possessed physical walls that extended many plasma radii into the expansion region, increasing the local neutral density and impeding the free expansion of the plasma.
A recent experimental study [28] found a mechanism for electron cooling that is governed by collisionless electrons with a depleted high-energy population (resulting in a similar value of γ e ¼ 1.17 AE 0.02). The authors show that a nonlocal, non-Maxwellian EEDF yields adiabatic cooling of an expanding electron population. In contrast to Ref. [28] where the densities were 2 orders of magnitude lower than reported here, frequent electron collisions produce a Maxwellian EEDF in our plasma source. Furthermore, downstream depletion of the high-energy population does not occur in our experiment because our vacuum chamber wall is nonconductive and located far from the plasma source. Therefore, collisionless electron cooling cannot explain the results reported here, and we seek an alternative justification for electron cooling in our MN.
Our experimentally derived value of γ e is consistent with the value derived theoretically by Litvinov [29] in the limit where the flux of power from the MN is dominated by electron heat conduction along the magnetic field. Using a quasi-1D fluid model and assuming classical electron thermal conductivity, Litvinov shows that γ e possesses a minimum value of γ e;min ≈ 1.19. We now turn towards the quasi-1D model of Litvinov to understand the influence of a large electron heat flux on MN energy transfer in further depth.
Adopting the convention y 0 ≡ dy=dẑ, the normalized plasma continuity and momentum equations are ðnûÂÞ 0 ¼ 0 andnûû 0 þ ðnT e Þ 0 ¼ 0. Electron pressure influences the ions through the ambipolar potential, ϕ 0 ¼ ðnT e Þ 0 =n. The omitted Lorentz force primarily governs cross-field confinement, and has negligible influence on field-aligned expansion [7] . In the above equations we have assumed T e ≫ T i . Neglecting radiation the energy equation takes the form
Here, q e is the electron heat conduction and Nu ≡ n 0 T e;0 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi T e;0 =m i p =q e;0 is the Nusselt number of the flow-a dimensionless parameter that compares the magnitude of convective to conductive heat transport, and as a consequence governs electron cooling in the fluid model.
Nu ≪ 1 implies ðq eÂ Þ 0 ¼ 0. Inserting the classical Spitzer-Harm (SH) [30] electron thermal conductivity and ignoring it's weak dependence on n and T e (through the Coulomb logarithm) we obtainÂT for integration overẑ. The equation forT e is similar in form to the predicted T e profile in the solar transition region [31] . Moreover, it shows that electron cooling occurs even in the limit of large field-aligned electron mobility. Electron cooling in this limit was also found in a theoretical FIG. 3 . Experimental measurements of (a) log 10 T e vs log 10 n, and (b) V p vs T e indicate that the expansion follows a polytropic law. The polytropic index is determined using the method of least squares (line). The 95% confidence interval is shown in gray. The solution to the quasi-1D model using FL electron heat conduction is also shown (dashed line). Using the results of two independent measurement methods, it is shown in (c) that the polytropic index is independent of the strength of the applied magnetic field. The shaded region in (c) corresponds to γ e ¼ 1.15 AE 0.03.
investigation of the influence of electron thermal energy on Hall thruster plume divergence [32] .
We Fig. 2(b) ]. The measured ambipolar potential drop and ion beam velocity also agree with the theoretical prediction [ Figs. 2(d)-2(e) ]. The discrepancy between the measured and predicted density [ Figs. 2(c) ] is due to the fact that ion cross-field motion produces a plume that is more focused towards the MN center line [7, 33] .
An alternative derivation for γ e can found by noting that limẑ →∞û 0 ¼ 0. (Figs. 2  and 3) . A more rigorous solution [35] to the problem of collisionless plasma expansion using an electron kinetic model predicts polytropic scaling in only a limited region downstream from the MN throat, with a value γ e ≈ 1.6 predicted for argon [36] . For the sake of comparison, we calculate Nu SH ¼ ð5 AE 2Þ × 10 −4 from our experimental data using SH thermal conductivity. Recognizing that the electron heat flux from the MN cannot exceed the power deposited into the plasma, we find the lower bound Nu min ≈ 5 × 10 −3 . Because Nu SH < Nu min the effective electron thermal conductivity in our experiment must be at least an order of magnitude lower than predicted by the SH model. This disparity suggests an anomalously high electron collision rate-an inference that is further supported by the largely Maxwellian nature of our electrons and the strong disagreement between our experimental results and existing collisionless expansion models.
The results shown here raise an important fundamental question regarding the efficacy of MNs for plasma acceleration: is it possible to efficiently convert thermal energy into directed ion kinetic energy if the flux of power is dominated by electron heat conduction? To answer this question we look at the theoretical scaling of γ e and η max with Nu, shown in Fig. 4 . Here, η max is defined as the ratio of the ion kinetic power (asẑ → ∞) to the total power. Fig. 4(a) shows the expected transition between conduction-dominated and adiabatic flow near Nu γ ≈ 1. A similar transition occurs with η max at a significantly lower value of Nu η ≈ 1=28. Therefore, efficient ion acceleration is possible provided the ratio of convected to conducted power exceeds a critical value, defined by the criterion Nu ≳ Nu η . The analytical expression for q e as a function of γ e used in some MN models [4] inherently assumes η max ¼ 1 and only applies in the limit Nu ≫ Nu η . The potentially significant power loss due to unrecovered electron thermal energy for Nu < Nu η highlights a critical need for improved theoretical models of electron heat conduction in MNs.
